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The exchange coupling of two magnetic layers via a diffuse oxide interlayer is studied with an
atomistic spin model. We investigate the effect of magnetic concentration and oxide layer thickness
on the effective exchange coupling strength and find an exponential dependence of the coupling
strength on the oxide thickness without the need for magnetic pinholes. Furthermore we show
that exchange coupling has a strong temperature dependence which is significant for the reversal
dynamics during heat assisted magnetic recording.
The continuing increase in the data storage capacity
of magnetic hard disk drives has led to a comparable de-
crease in the median grain size in the recording media to
satisfy the noise requirements arising from the magnetic
recording trilemma[1]. Future reductions in the grain
size present a significant challenge due to the thinning
of the oxide interlayer separating magnetic grains[2, 3].
The exchange coupling between grains is an essential de-
sign requirement for magnetic recording media due to its
effect in stabilizing the long term thermal stability of the
recorded information. Recent experiments by Sokalski et
al [4] measuring the effective exchange coupling showed
an exponential thickness dependence of the effective ex-
change coupling through a thin oxide layer. The interpre-
tation of physical origins of the exchange coupling varies,
such as being a result of the presence of magnetic pin-
holes, magnetostatic orange peel effect, the presence of
domain walls near the interface, or randomly distributed
magnetic atoms within the oxide layer[5, 6]. The physi-
cal origin of the exponential thickness dependence of the
exchange coupling is an interesting question. One sug-
gestion is that of magnetic pinholes, where the two mag-
netic materials are coupled directly, although Sokalski
et al found no evidence of these in the samples they
studied. Another hypothesis is that the exponential de-
pendence arises naturally from a magnetically dilute ox-
ide layer, which contains randomly distributed magnetic
atoms due to the sputtering process. In addition to un-
derstanding the low temperature behaviour of the ex-
change coupling, the expected move to heat assisted mag-
netic recording (HAMR) means that understanding the
temperature dependence of the exchange coupling is es-
sential to understanding its effect during the heat assisted
write process[7].
In this letter we present an atomistic model of the
exchange coupling between two ferromagnets coupled
through a dilute magnetic oxide which fully supports the
scenario of the exponential dependence of the effective
exchange coupling resulting from a magnetically diluted
oxide layer. We use the model to investigate the effect
of interlayer density and thickness on the effective ex-
change coupling. Finally we find a linear temperature
dependence of the effective exchange coupling.
To model the inter-granular exchange coupling we con-
sider two ferromagnetic layers separated by a dilute mag-
netic layer with variable thickness and density of atomic
spin moments, shown schematically in Fig. 1. The
magnetic properties of the systems are simulated with
an atomistic spin model[8] using the vampire software
package[9]. The energetics of the system of spins is given
by the Heisenberg spin Hamiltonian
H = −
∑
i6=j
JijSi · Sj (1)
where Jij = 5.6 × 10−21 J/link is the exchange interac-
tion between the nearest neighbour sites i and j, Si is the
local spin moment, and Sj is the spin moment of a near-
est neighbouring atom. The spin moments are expressed
here as unit vectors Si = µi/|µi|, where µi = 1.72µB .
The parameters chosen for both the magnetic layers and
also atoms within the dilute magnetic oxide are represen-
tative of Co with a Curie temperature Tc of 1390 K. The
simulated system consists of two magnetic layers sepa-
rated by a dilute magnetic interlayer of variable thick-
ness which controls the coupling between the two lay-
ers. The system size is 5 nm × 5 nm in the x − y plane
with periodic boundary conditions in the plane. Each of
the fully magnetic layers are 5 nm thick and the dilute
interlayer thickness is varied between 1 monolayer and
10 nm. The density of the dilute layer is controlled by
randomly removing the desired fraction of atoms from
the initial face-centered-cubic crystal, leaving vacancies
at some atomic sites. This leads to broken exchange links
between atoms in the dilute layer reducing the strength
of the exchange coupling. Since we are interested in the
effective exchange coupling the spin Hamiltonian omits
the usual anisotropy and Zeeman terms as they have no
appreciable effect on the calculated exchange coupling
energy.
In order to calculate the effective exchange coupling
between the two ferromagnetic layers it is necessary to
apply a constraint to force and retain a domain wall into
the system[10]. We have developed a hybrid Constrained
Monte Carlo/Monte Carlo algorithm (CMC/MC) which
allows for the complete control of the domain wall in
the system at any arbitrary temperature. The CMC
method[11] allows the direction of the magnetization of a
system to be constrained while fully allowing the length
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FIG. 1. Visualization of the simulated system, showing a
domain wall between the magnetic layers. Blue/Gold color-
ing indicates the magnetic orientation along the ±z axes re-
spectively. For the constrained Monte Carlo simulations, the
magnetic layers are held at different angles (indicated by the
arrows), while spins in the dilute interlayer are free to point
along different directions.(Color Online.)
of magnetization to fluctuate thermodynamically. This
is achieved by picking random pairs of spins within the
constrained set of spins and moving them so that the net
direction of the spins is the same but their vector sum is
different[11]. The hybrid CMC/MC method used for the
current work utilizes two constraints, one for each mag-
netic layer, and a free Monte Carlo algorithm[8] for the
dilute magnetic interlayer, allowing the latter to freely
vary its direction and magnitude, as illustrated in Fig. 1.
To formulate the problem of the calculation of the
exchange coupling energy between the two layers, we
first consider the energy of the system at the micromag-
netic level, averaging over the atomic spins in the system
m = 〈S〉. Given two ferromagnetic layers with magne-
tizations m1 and m2, the exchange energy Eex between
the layers can be written as
Eex = Jeffm1 ·m2 (2)
where Jeff is the effective coupling between the layers[10].
Considering parallel and anti-parallel configurations of
m1 and m2, the energy difference is 2Jeff . To determine
the temperature dependent exchange energy, it is neces-
sary to calculate the free energy difference. Calculation
of the free energy directly is computationally difficult[11],
and so we proceed by calculating the derivative of the
free energy (given by the torque) and recovering the free
energy difference ∆F by integration[11], such that
∆F =
∫ θ
0
τdθ (3)
where θ is the angle between the average magnetizations
m1 and m2 and τ is the thermodynamic average of the
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FIG. 2. Calculated restoring torque as a function of angle be-
tween magnetic layers, for different densities of the interlayer
for a simulation temperature of T = 10 K. The thickness of
the interlayer is set at 5 nm. The lines show linear regression
fits to the data. (Color Online.)
restoring torque given by
τ = 〈
∑
i
Si ×−∂H
∂Si
〉. (4)
The restoring torque is calculated by fixing the magneti-
zation in the bottom layer along the +z direction, while
the top layer is rotated sequentially from the +z axis
through 180◦ in steps of 5◦. At each constraint angle
the system is first equilibrated for 10,000 Monte Carlo
steps (MCS) and then the average restoring torque is
calculated for a further 10,000 MCS. The constraint en-
sures that the domain wall is almost entirely contained
within the free layer and so the magnetizations of the
constrained layers are virtually uniform. Over the entire
system the total torque is zero, since each of the layers
exerts an equal and opposite force on the other. The
torque is therefore calculated as the difference between
the restoring torques on each layer, τ = τ1− τ2. The cal-
culated torques for a 5 nm thick interlayer for different
interlayer densities are presented in Fig. 2.
The free energy difference is recovered by integration of
the torque, however to improve the accuracy of the calcu-
lation, it is clear from Fig. 2 that the calculated torques
have a linear dependence in θ. Using a quadrature rule
the derivative of the torque with θ is analytically related
to the integral of the torque. The angle dependence of
the torque can then be substituted by
τ =
(
dτ
dθ
)
θ (5)
where dτ/dθ is calculated by linear regression of the τ(θ)
line. The free energy difference between the parallel and
anti-parallel configuration of the constrained magnetiza-
tions (equal to Jeff) is then obtained by combining equa-
tions (2), (3) and (5) for a definite integral θ = 0 → pi,
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FIG. 3. Density dependence of the exchange coupling energy
for 3 nm, 5 nm and 8 nm interlayer thicknesses at T = 10
K. For low densities, the relatively large thickness leads to
no coupling between the layers, while at higher densities the
coupling is more prominent, approaching the bulk value. As
expected increased interlayer thicknesses lead to reduced ex-
change coupling. (Color Online.)
giving a final expression for the exchange energy Jeff as
Jeff =
1
2
(
dτ
dθ
)∫ pi
0
θdθ =
pi2
4
(
dτ
dθ
)
. (6)
We now proceed to calculate the effective exchange
coupling energy, Jeff , across the diffuse interlayer. First
let us consider the low temperature case and relatively
large interlayer thicknesses, as shown in Fig. 3. As ex-
pected, increased interlayer thickness strongly reduces
the coupling at the same density, while increased density
beyond a threshold value rapidly increases the coupling
energy. The reason for the threshold density for a given
thickness lies in the fact that for coupling to exist, there
must be a continuous line of atoms between the two lay-
ers. For low densities the probability of achieving this is
low, but as the density is increased the lines are formed
more easily. In a similar fashion, the greater the distance
between the layers, the less likely it is that a continuous
line will form, and hence naturally leads to an interlayer
thickness dependence of the exchange coupling.
Although the method works well for a wide range of
interlayer thicknesses, the more interesting region is that
for thin interlayers, more likely to be found in a granu-
lar recording medium. Fig. 4 shows the interlayer cou-
pling strength as a function of the number of mono-
layers between the magnetic layers for different densi-
ties. The exchange coupling follows a non-linear inter-
layer thickness dependence, which is much stronger for
the lower densities. This is again due to the requirement
to form a continuous line of atoms between the layers for
any effective exchange coupling. Fig. 4(a) clearly shows
that for low densities this coupling is hard to achieve,
with almost zero coupling beyond a single monolayer
for a density of 10%. Densities between 20% and 50%
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FIG. 4. (a) Thickness dependence of the exchange coupling
energy for different interlayer densities at a temperature of
10 K. (b) Thickness dependence of the exchange coupling en-
ergy for low densities comparable with the experimental range
from Sokalski et al [4]. Lines show exponential fits to the data.
For low densities the coupling shows an exponential depen-
dence of the effective exchange coupling, in agreement with
experimental results. (Color Online.)
show a strong exponential thickness dependence as seen
experimentally[4], arising from the increased probability
of forming connecting lines of atoms. For densities of 60%
and greater, a different behavior is seen, where the ex-
change coupling is less critical with interlayer thickness.
Here the interlayer thickness dependence of the exchange
coupling is no longer dominated by the density of the in-
terlayer, but by the distance over which the domain wall
is forced between the two constrained layers. Hence, even
100% density (continuous) shows a distance dependence,
as the angle between adjacent atomic planes is reduced.
For a more direct comparison with the data from
Sokalski, Fig. 4(b) shows details of the thickness depen-
dence of the exchange coupling for low densities, more
likely to be seen experimentally. Qualitative agreement
with the experimental data is very good, and it can also
be seen that the exponential coupling dependence holds,
supporting the origin of the coupling as a dilute magnetic
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FIG. 5. Calculated temperature dependence of the exchange
coupling energy for different interlayer thicknesses at a density
of 30%. Lines show are from Eq. 7. (Color Online.)
material. It is important to note the low temperatures
used for the calculations, which gives rise to a non-zero
exchange coupling at extended distances, in contrast to
the experimental data. At elevated temperatures this
extended exchange coupling is reduced due to a low or-
dering temperature of the interlayer, but suggests that in
reality densities of 30% - 40% are realistic for the inter-
granular phase. It is also interesting to note the different
exchange coupling found for different Oxide interlayers
found by Sokalski. The absorption of metal impurities
into the oxide is very likely to be material dependent,
and so within the framework of our model different ex-
change couplings arising from different oxides can easily
be explained by a different effective magnetic density of
the interlayer due to different degrees of diffusion.
Finally we consider the temperature dependence of the
exchange coupling, an effect particularly relevant to heat
assisted magnetic recording. In conventional magnetic
recording, the temperature dependence above room tem-
perature is of little interest, while for HAMR it is much
more significant since the recording medium is heated to
a high temperature during the writing process. Fig. 5
shows the simulated temperature dependence of the ex-
change coupling for different interlayer thicknesses and a
constant interlayer density of 30%. For a single mono-
layer, the exchange coupling is strong even at elevated
temperatures. However, for increasing thicknesses the
exchange coupling rapidly decreases due to thermal fluc-
tuations. This is due to the low density of magnetic
atoms, which leads to a low intrinsic Curie temperature.
For thin layers however, the interlayer is polarized by the
ferromagnetic layers, which increases the ordering tem-
perature and stabilizes the exchange coupling. It is also
clear that the exchange coupling exhibits a much stronger
temperature dependence than the bulk exchange, owing
to the dilute nature of the interlayer, and shows a broadly
linear temperature dependence. This is in full agree-
ment with recent experimental data for FePt/SiO/FePt
trilayers[7] where a linear dependence of the exchange
coupling with temperature was found. The exchange cou-
pling and effective Curie temperature of the intergranular
layer are both exponentially dependent on the interlayer
thickness, and so can be conveniently fitted by the func-
tion
Aeff(rij , T ) = A(rij)
(
1− T
T ∗c (rij)
)
(7)
where A(rij) = A0 exp(−rij/r0) + Amin, A0 = 114.08
mJ/m2 and Amin = 7.31 mJ/m
2 are fitting constants,
r0 = 1.033 ML is a characteristic interaction range,
T ∗c (rij) = T
0
c exp(−rij/r0) + Tminc , T 0c = 2147.14 K is
a fitting constant, and Tminc = 323.25 K is the intrinsic
Curie temperature of the interlayer. The fits according
to Eq. 7 are plotted in Fig. 5. The significant result for
HAMR is that the strong temperature dependence of the
exchange coupling means that it can be largely ignored
during the writing process, and should have a minimal
impact on jitter. Thus, the exchange can be engineered
towards thermal stability largely without consideration
of the hysteric properties of the media.
In conclusion, we have investigated the effect of inter-
layer thickness, magnetic density, and temperature of the
exchange coupling between two magnetic layers. We have
shown that pinholes are not necessary to describe an ex-
ponential dependence of the exchange coupling and that
the coupling is strongly dependent on the density of the
interlayer. Furthermore the exchange coupling is strongly
temperature dependent suggesting that for HAMR the
intergranular exchange is not relevant to the write pro-
cess, only for long term thermal stability of the media.
Given that reduced oxide thickness in future magnetic
recording media will likely lead to a greater dispersion of
intergranular exchange coupling, alternative approaches
for controlling the inter-granular exchange, such as appli-
cation of a magnetic capping layer[12] may allow better
control of the magnetic properties.
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